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Scaling relations in the charge and spin excitations of
La1−xSrxMnO3 are studied from both theoretical and exper-
imental points of view. In the ferromagnetic metal phase, we
investigate optical conductivity and neutron inelastic scatter-
ing, and compare with a theoretical calculation based on the
dynamical mean-field theory of the double-exchange hamil-
tonian. Spin and charge dynamics of La1−xSrxMnO3 ex-
hibit typical behaviors of half metals. In these manganite
compounds with high Curie temperature, various behaviors
in spin and charge properties are explained by the double-
exchange hamiltonian alone. Magnetoresistance of these com-
pounds as well as other compounds with lower Curie temper-
ature are also discussed.
I. INTRODUCTION
One of the main issues in colossal magnetoresistance
(CMR) manganites (R,A)MnO3 is to investigate how
to control the electronic properties, especially these for
transports, through magnetic field. In order to explain
the ferromagnetism, Zener1 introduced a model hamilto-
nian
H = −
∑
ij,σ
tij
(
c†iσcjσ + h.c.
)
− JH
∑
i
~σi · ~Si, (1.1)
where t is the electron hopping energy and JH is Hund’s
coupling between itinerant electron and localized spins,
and proposed the double-exchange (DE) mechanism. An-
derson and Hasegawa2 took the infinite JH limit of the
model to discuss the ground state spin structure. How-
ever, at finite temperature, relationship between mag-
netism and electronic structure is not fully understood
through these calculations. In the strong Hund’s cou-
pling limit JH ≫ t, mean-field theories which do not take
into account effects of local spin fluctuations and neglect
changes in electronic structure and lifetime of conducting
quasiparticles are not sufficient to understand thermody-
namic properties including the Curie temperature Tc as
well as resistivity. Therefore, a controlled method beyond
the mean-field theory is necessary.
From the experimental point of view, recent improve-
ments in precise control of the A-site cation substitutions
revealed a complex phase diagram as a function of sub-
stitution, temperature and magnetic field, with various
phases which exhibit magnetic, charge, orbital and lat-
tice orderings.3 Although the DE hamiltonian can de-
scribe an antiferromagnet at half-filling and ferromag-
netic metal at doped cases, it is clear that the model has
to be extended in order to account for charge and orbital
orderings. Theoretically, investigations are performed on
several microscopic models, especially emphasis on pola-
ronic models, to reproduce varieties of phases with differ-
ent behaviors in resistivity and phase transitions.4 How-
ever, due to such a complexity with variety of phases,
there is no satisfactory theory so far to explain proper-
ties in the entire parameter region of substitutions and
temperature.
Another point of view is to discuss magnetoresistance
(MR) of manganites in relation with other materials such
as CrO2 or Tl2Mn2O7.
5 Especially, in various ferromag-
netic metals, the half-metallic behavior due to DE inter-
action is considered to cause so-called tunneling magne-
toresistance (TMR) through the spin valve mechanism.6
Magnetoresistance of the material with artificially con-
trolled grain/interface boundaries are also studied to re-
alize a low-field MR device through TMR.7–9
Thus it is now important to discuss MR in mangan-
ites from the point of view of making distinction between
generic DE half-metal properties and specific behaviors of
these compounds. In this paper, we focus on the bulk na-
ture of the DE systems in the ferromagnetic metal state.
We study series of compounds which show the metal-
lic ferromagnetism at the ground state, a canonical ex-
amples of which are La1−xSrxMnO3 with carrier density
1
x = 0.2 ∼ 0.4, so-called ‘high-Tc’ compounds, and com-
pare with the theoretical results obtained from the DE
hamiltonian. Investigations are through its charge and
spin excitation properties. We present a comprehensive
study by putting together theoretical and experimental
results which have been described only briefly in previ-
ous short papers and letters by the authors, and provide a
unified picture of the charge and the spin excitation spec-
tra through the electronic structure of the half-metallic
DE system. One of our aim is to establish the relevance
of the half-metallic picture for the conduction electrons
in these materials, and investigate the consequence of
such a electronic structure to spin and charge dynamics
through the DE mechanism. We also discuss MR of the
low-Tc compounds such as La2/3Ca1/3MnO3. In §2, we
show theoretical results for DE Hamiltonian studied in a
nonperturbative manner using the dynamical mean-field
approach.10–13 In §3, we show experimental results for
spin wave lifetime with respect to relatively high Tc sam-
ples of ((La,Y),Sr)MnO3.
14 In §4, we show experimental
results for optical spectrum for (La,Sr)MnO3 as well as
Nd substituted low Tc materials.
15 Section 5 is devoted
for discussion and summary.
II. THEORETICAL CALCULATION
A. Model and method
We consider a DE hamiltonian (1.1) which is now also
called as ferromagnetic Kondo lattice model. Since we
consider the case where the localized spin is in a high-
spin state and the coupling to itinerant electrons is fer-
romagnetic due to Hund’s rule, the effect of quantum
exchange is speculated to be irrelevant. Especially, near
the Curie temperature Tc thermal fluctuations should be
dominant. Thus we make an approximation to replace
the quantum spins operators by classical rotators (S =∞
limit), namely we replace the spin operators ~Si in (1.1)
by classical fields with norm |~Si| = 1.
We introduce the dynamical mean-field (DMF)
method for the above system. Within this method, the
system is treated by a single site interacting with an elec-
tronic bath,m or the single particle Green’s function G˜0,
which plays a role of a frequency-dependent Weiss field.16
In the limit S = ∞ where dynamics of the spin in the
imaginary-time axis does not exist, the single-site prob-
lem is exactly solved albeit the problem must be solved
self-consistently with respect to the external bath. For
details, readers are referred to ref. 10.
Advantages of applying this method are: (i) Thermal
fluctuations of localized spins are taken into account in
a non-perturbative way. Finite temperature calculation
in the thermodynamic limit is possible. (ii) Unlike the
case for the Hubbard model16,17 the single-site problem
is solved easily so that no additional approximation is
necessary. The problem is solved in either imaginary fre-
quencies or real frequencies, so that electronic dynamics
are obtained directly.
B. Results
1. Electronic Density of States and Half-Metallic Behaviors
In Fig. 1 we show the electron DOS Aσ(ω) in DMF on
Bethe lattice at JH/W = 2 and x = 0.2 which gives fer-
romagnetic ground state. We set the magnetization to be
+z direction. Results are qualitatively the same as long
as the strong Hund’s coupling region with ferromagnetic
ground state is concerned.
In the ground state with ferromagnetic ordering for
the localized spins, Hund’s coupling splits the electron
DOS into upper and lower subbands at ω = ±JH, cor-
responding to the state parallel and anti-parallel to the
ferromagnetically-ordered local spins. The width of the
each DOS is the bandwidth of the noninteracting system.
Therefore, in the case 2JH > W where Zeeman splitting
is larger than the bandwidth, we have a gap in DOS.
The conduction band is half metallic, namely the Fermi
surface exists only in one of the spin species.
In this system, the origin of the half-metallic behav-
ior is due to large Hund’s coupling JH ≫ W . This
state is in large contrast with itinerant weak ferromag-
net which has smaller split of DOS and the Fermi sur-
faces in both spin species. In manganites with ferromag-
netic metal state, half-metallic behaviors are observed in
various experiments including photoemission,18 tunnel-
ing junction7 and grain boundary TMR measurements.6
At finite temperature, the spectra change in such a way
that there exist two peaks at ω ∼ ±JH and its integrated
weight transfers by magnetization. The center of the
both peaks split by JH are roughly unchanged. Both spin
species have finite weight in lower and upper subbands.
For the occupied lower subband, integrated weight scales
as (1+M∗)/2 and (1−M∗)/2 for up (parallel) and down
(antiparallel) bands, respectively, where M∗ = 〈Sz〉/S is
the magnetization of the local spin. Due to particle-hole
symmetry, the upper subband have the weight (1−M∗)/2
and (1 +M∗)/2 for up and down electrons, respectively.
The width of each sub-bands changes in the way that
at higher temperature the bandwidth is reduced due to
smaller hopping matrix element.
This is easily understood, since the integrated weight
of each subbands gives the spin polarization of the itin-
erant electron part, and in the strong Hund’s coupling
limit it should be proportional to the spin polarization
of the localized spin. The bandwidth of each subband
becomes narrower than that for the ground state, which
is understood from the reduction of the hopping matrix
element.2
Above Tc, the DOS is still split into two bands, with the
identical weight for both subbands in each spin species.
2
Within our approach, there is no temperature depen-
dence above Tc. This is an artifact of the single-site ap-
proximation where spin correlation of finite length is not
taken into account. However, for strong Hund’s coupling,
we speculate that the overall spectrum shape which is
split into two subbands do not change by finite size clus-
ter corrections.
To investigate the Majority-minority bands more pre-
cisely, Green’s function is calculated as follows. From the
solution of the DMF at JH/W ≫ 1 on a Lorentzian DOS
system,12 we have the analytical form for the self-energy
Σσ(ω) = −JH − 1−Mσ
1 +Mσ
(ω + µ+ JH + iW ) (2.1)
at the lower subband ω ∼ −JH and σ = ±1. We also see
a similarM dependence of Σ in semicircular DOS. Then,
the lattice Green’s function is given in the form
G(k, ω) =
zσ(M)
ω − ζk,σ + iΓσ (2.2)
where
ζkσ(M) =
1 +Mσ
2
εk − JH − µ, (2.3)
zσ(M) =
1−Mσ
2
, (2.4)
Γσ(M) =
1 +Mσ
2
W. (2.5)
Since spin-dependent DOS is proportional to zσ(M), we
see the relation A↑(ω) ∝ (1 +M)/2 and A↓(ω) ∝ (1 −
M)/2.
Let us discuss the low temperature limit 1 −M ∼ 0.
For the majority band, we recover the free-fermion be-
havior z = 1, ζk = εk − JH − µ and Γ = 0 at the ground
state with full polarization M = 1. The minority band
has different nature. We see the quasiparticle residue
z(M) → 0 and the dispersion ζk = const. as M → 1.
This is well understood from Anderson-Hasegawa pic-
ture, that strong JH projects out the low energy minority
band and also prohibits hopping among sites. What is
found here that is not available through a simple mean-
field treatment of the Anderson-Hasegawa’s model is the
lifetime of the minority electrons. The minority band
has large linewidth ∼ W due to large amount of scat-
tering with localized spins in opposite direction, so that
the propagation of minority electrons are incoherent and
diffusive. Then we have the width of the minority band
∼ W despite real part of the quasi-particle energy be-
comes dispersionless.
2. Storner spectrum
Stoner susceptibility is calculated by
χ(q, z) =
1
βN
∑
G(k + q, iωn + z)G(k, iωn). (2.6)
Here, correlation effects are taken into account through
the self-energy correction in G. In Fig. 2 we show
Imχ(Q,ω) at the Brillouin zone corner Q = (π, 0, 0) for
various temperatures, at JH/W = 2 and x = 0.3. We see
two-peak structure at ω ∼ 0 and ω ∼ 2JH which is ex-
plained from the JH-split DOS. The Stoner absorption is
produced from a particle-hole pair excitations with spin
flip, which produces a peak at low energy from intra-band
processes and another peak at ω ∼ 2JH from interband
processes.
Let us investigate the low energy part more pre-
cisely. We see that at small ω we have ω-linear rela-
tion, i.e. Imχ ∝ ω at ω ≪ W . Coefficients for ω-
linear part decrease by decreasing the temperature. In
Fig. 3 we show the coefficient for ω-linear part D′′ =
∂Imχ(Q,ω)/∂ω|ω→0 as a function of normalized magne-
tization M∗ at wave vector Q. As a result we find
Imχ(Q,ω) ∝ (1−M∗2)ω (2.7)
for small values of ω. The relation (2.7) is observed at
all values of q with weak q dependence.
This is explained from the fact that the low energy
Stoner absorption is constructed from a process with
combinations of a minority particle and a majority hole
carriers. Since the majority and the minority bands
have the spectral weight proportional to (1 +M)/2 and
(1−M)/2, respectively, the low energy part of the Stoner
absorption is proportional to 1 −M2. The ω-linear be-
havior comes from the Fermi distribution function as is
the case for the noninteracting Fermion, since the ini-
tial and final state is limited in energy |ǫ − µ| < ω. In
our case, the incoherence of the minority band gives the
weak q dependence. Thus we have the scaling relation
Imχ ∝ (1−M∗2)ωq. The weak q dependence is in large
contrast with the conventional weak ferromagnet where
minority band is also coherent, which gives strong q de-
pendence through its band structure.
3. Optical spectrum
Within the framework of the dynamical mean-field the-
ory, optical conductivity at finite frequencies is obtained
through the Kubo formula as
σ(ω) = σ0
∑
σ
∫
dω′ Iσ(ω
′, ω′ + ω)
f(ω′)− f(ω′ + ω)
ω
, (2.8)
where
Iσ(ω1, ω2) =
∫
N0(ǫ)dǫ W
2Aσ(ǫ, ω1)Aσ(ǫ, ω2). (2.9)
Here, the spectral weight function A is defined by
Aσ(ǫ, ω) = − 1
π
ImGσ(ǫ, ω + iη), (2.10)
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while f is the Fermi distribution function. The constant
σ0 gives the unit of conductivity.
We see (i) the two-peak structure of σ(ω) at ω ∼ 0
and ω ∼ 2JH, and (ii) the transfer of spectral weight by
temperature. The two-peak structure is due to the split-
ting of the DOS at ±JH. The peak at ω ∼ 0 corresponds
to the Drude peak which is due to the particle-hole exci-
tation in the lower subband, while ω ∼ 2JH part is due
to the the interband process between JH-split bands. At
T > Tc, where DOS is equally split for up and down
spins, the two-peak structure is most pronounce. In the
ferromagnetic phase, the weight is shifted from the high
energy peak to the low energy peak, corresponding to the
DOS structure controlled by the magnetism. The width
of σ(ω) for Drude part becomes narrower as temperature
becomes lower, due to the reduction of the imaginary part
of the self-energy for the majority channel. The width of
the interband process at ω ∼ 2JH is kept as large as a
fraction of W , since this process is transition into the
minority channel which has the incoherent nature with
linewidth ∼W .
In §4, we will show the results for σ(ω) in more detail,
in comparison with experimental data, including the scal-
ing relation for the transfer of spectral weight as well as
the fitting.
III. SPIN EXCITATION AND STONER
ABSORPTION
A. Experimental
Single crystals of (La1−x−yYy)SrxMnO3 (typically
6φ × 80 mm) were grown by the floating-zone method.
The end part (30–40 mm) were used for neutron measure-
ments. In order to study the effects of electronic band-
width, three samples were chosen; y = 0.00, 0.05 and 0.10
with the Sr concentration fixed at x = 0.20. The toler-
ance factor t, which is defined as t = (rA+ rO)/
√
2(rB +
rO) for ABO3 perovskites and scales with the band
width, decreases with doping Y; 0.908, 0.906 and 0.903
for y = 0.00, 0.05 and 0.10, respectively. These values
are, however, still closer to unity than La0.8Ca0.2MnO3
(0.894) and Pr0.8Ca0.2MnO3 (0.877). Neutron-scattering
measurements were carried out using the triple-axis
spectrometer TOPAN at the JRR-3M reactor in Japan
Atomic Energy Research Institute. Typical condition
employed was the fixed final energy at 14.7 meV with hor-
izontal collimation of Blank-30′-Sample-60′-Blank. The
(002) reflection of pyrolytic graphite (PG) is used to
monochromatize and analyze neutrons. A PG filter was
used to reduce higher-order contaminations in the inci-
dent beam. The Curie temperature TC and its Gaussian
distribution ∆TC was determined using the temperature
dependence of the (100)Cubic peak intensity; TC (∆TC)
is 306(1.1), 281(1.4) and 271(10) K for y = 0.00, 0.05 and
0.10, respectively.
The spin-wave disper-
sion curves for studied (La1−x−yYy)SrxMnO3 samples
show an isotropic behavior in the measured (q, ω) range,
q < 0.40 A˚−1 and h¯ω < 20 meV, and follow well with
h¯ω(q) = Dq2 + E0, typical of ferromagnetic spin-wave
dispersion in low q and low ω range. In order to study
the temperature dependence of spin-wave stiffness D, we
have performed constant-Q scans at (1.1 1.1 0) where
well-defined peak profiles are obtained in a wide temper-
ature range. Each peak profile was fitted with the spin-
wave scattering cross section including the finite life-time
h/Γq convoluted with a proper instrumental resolution.
Figure 4 shows thus obtained temperature dependence
of D. Error bars indicate fitting errors. Dashed lines
are guides to the eye. Softening of spin wave dispersion
ω(q, T ) is observed as temperature approaches Tc.
B. Scaling relation
Spin wave dispersion relation throughout the bril-
louine zone as well as the temperature dependence of
the magnon linewidth is first reported by Perring et al.
for La0.7Pb0.3MnO3.
19 The cosine-band like dispersion
as well as its slight softening at the zone boundary is
reproduced by the spin wave expansion of the double-
exchange model,20 and a qualitative explanation for the
linewidth is through the Stoner absorption mechanism
is also discussed there. In this paper, we describe the
temperature dependence of the linewidth more precisely
through a scaling relation between the magnetization and
the magnon linewidth.
Within the linear spin wave theory of the double-
exchange model at JH ≫ W ,20 the dispersion relation
ωq as well as its linewidth Γq is obtained by
ωq = Re Π(q, ωq), (3.1)
Γq = ImΠ(q, ωq), (3.2)
where the magnon self-energy Π is calculated by
Π(q, ω) = (J2H/St)χ(q, ω), (3.3)
and χ(q, ω) is the Stoner susceptibility. Note that in
the large Hund’s coupling region the magnon bandwidth
Jmagnon is scaled by W as is the case for Tc. Namely, in
the region JH/W ≫ 1 the leading order of Jmagnon/W is
1/S and does not contain JH due to the nature of Hund’s
coupling as a projection. Indeed, the result is identical
in the limit JH →∞ treated by Kubo and Ohata.21 This
justifies the linear spin wave theory at large JH region,
at least asymptotically in the large 1/S limit.
Higher order terms in the asymptotic 1/S expansion
give vertex corrections. However, vertex corrections may
be neglected by restricting ourselves in the low tempera-
ture region where magnon density is low, and in the suffi-
ciently large doping concentration region where electron
kinetic energy is larger than the magnon energy. Accu-
racy of the linear spin wave calculation in the sufficiently
4
doped region is shown by comparison with S = 1/2
model,22 which at the same time shows the softening of
the zone boundary magnon dispersion when electron ki-
netic energy is small at low electron/hole doping.
Let us now assume that the major origin of the
linewidth broadening is due to Stoner absorption mech-
anism, which implies that we neglect magnon-magnon
interactions as well as other mechanisms of extrinsic ori-
gins. From eq. (2.7) we obtain
Γq = αq(1−M∗2)ωq (3.4)
where αq is a dimensionless function of q. In other words,
the definition of the spin stiffness is extended into a com-
plex number D = D′ + iD′′ and the dispersion as well as
its linewidth at small q region is expressed as ωq = D
′q2
and Γq = D
′′q2.
As for the experiment, we show the inverse lifetime
Γ(q, T ) versus (1 −M∗2)ω(q, T ) at the inset of Fig. 4.
From the figure we see that inverse lifetime is fitted in
the form
Γ(q, T ) = Γ0(q) + αq(1−M∗2)ω(q, T ). (3.5)
Temperature dependence is scaled in a way consistent
with theoretical result for DE systems. Γ0 is the T -
independent part of the spin wave lifetime, i.e. Γ(q, T →
0) = Γ0(q), which increases systematically by increasing
the ratio of Y atoms.
From the data we consider that the temperature de-
pendent part of the magnon damping mechanism is
mainly due to Stoner absorption which does not show
large change by Y doping. Large change by Y doping is
seen in the temperature independent part Γ0. We specu-
late that the origin of Γ0 is mainly extrinsic effects such
as disorder and inhomogeneity of the sample. Substitu-
tion of La by Y creates the decrease of 〈rA〉 which causes
a reduction of the average electron hopping, as well as
the local Mn-O-Mn bond distortion. In both cases, they
contribute to a charge inhomogeneity through charge
segregation23–25 or localization. Since spin stiffness is a
function of charge concentration, especially D ∝ x in the
region of interest here,26 charge inhomogeneity creates
distribution of spin stiffness in a mesoscopic scale. Inho-
mogeneities in magnetism as well as charge distributions
are also reported in (La,Ca)MnO3 by various measure-
ments including µSR,27 Raman28 and photoemission.29
Broadening of the spin wave linewidth at the zone bound-
ary observed at lower Tc compounds
30 might also indicate
the inhomogeneities in mesoscopic length scale.
IV. CHARGE EXCITATION BETWEEN THE
JH-SPLIT BANDS
A. Experimental
Thin films of R0.6Sr0.4MnO3 (R=La, La0.5Nd0.5,
Nd0.5Sm0.5 and Nd0.25Sm0.75) with thickness of ∼100 nm
were fabricated using a vacuum pulsed laser deposition
(PLD) apparatus. Details of film synthesis are described
in Ref. 15. The compound was deposited on to a MgO
(100) substrate, since the substrate is transparent in a
wide energy region of 0.1 - 5.0 eV and is suitable for the
absorption measurements. An absorption coefficient α
was determined from transmission spectra using the stan-
dard formula neglecting a multi-reflection effect, since the
optical density of our films is larger than 0.7 in the spec-
tral region investigated. X-ray diffraction measurements
revealed that the obtained films were (110)-oriented in
the pseudo-cubic setting. Thicknesses of the films were
measured by a scanning electron microscope (SEM).
Temperature dependence of magnetization M was
measured under a field of 0.5 T after cooling down to 5 K
in zero field (ZFC), using a superconducting quantum in-
terference device (SQUID) magnetometer. TC was deter-
mined from the inflection point of theM−T curve. With
decreasing rA, TC decreases from ≈325 K for R=La,
≈315 K for Nd0.5Sr0.5, ≈175 K for Nd0.5Sm0.5 to ≈90
K for Nd0.25Sm0.75. The suppression of TC is originated
in reduction of the Mn-O-Mn bond angle, and hence the
transfer integral t (chemical pressure effect31,32). In other
words, we can control the W -value with changing the av-
eraged ionic radius rR of the trivalent rare-earth atom
R3+.
B. Temperature-dependent absorption spectra
Figure 5 shows variation of the absorption spectrum
α(ω) (=(4π/cn(ω)) · σ(ω)) in the temperature range of 6
- 400 K for La0.6Sr0.4MnO3 with maximal-W (TC ≈325
K). Here, refractive index n(ω) is almost constant, and
hence α(ω) ∝ σ(ω), above∼0.5 eV. With decreasing tem-
perature, a large transfer of spectral weight from ∼3 eV
to ∼0 eV is observed. This has been interpreted as the
spectral weight transfer from the interband transition be-
tween the JH-split bands (JH-gap excitation) to the in-
traband transition within the lower band15. To analyze
the spectral behavior more in detail, we extract the tem-
perature dependent component αT (ω):
αT (ω) = α(ω)− αCT(ω). (4.1)
The temperature-independent compo-
nent αCT(ω) (hatched region in Fig.5) is ascribed to the
charge-transfer (CT) type transitions from ligand p states
to Mn 3d levels15. Figure 6(a) shows the αT (ω) spec-
tra for La0.6Sr0.4MnO3. The absorption band located
at ∼3 eV, which corresponds to the JH-gap excitation,
significantly decreases in intensity with decreasing tem-
perature. This is because the density of state (DOS) of
the up- (down-) spin states in the upper (lower) JH-split
band decreases with t2g-spin polarization. The lost spec-
tral weight is transferred into the lower-lying Drude com-
ponent (≤1 eV). Similar behaviors are observed in the
spectra for the small-W compounds, e.g., R=Nd0.5Sm0.5
5
and Nd0.25Sm0.75, though a small polaron band becomes
discernible at ∼1.5 eV.33
The temperature-dependent behavior of the JH-gap ex-
citation is well reproduced by the double-exchange model
that include only JH- and t-terms. Figure 6(b) represents
the calculated optical conductivity σ(ω) with n=∞ and
S=∞ approximation. The two parameters, i.e., W (=1
eV) and JH(=1.5 eV), are estimated from the JH-gap
band in Fig.6(b). As seen in Fig.6, the calculated results
well reproduce not only the overall profile but also the
temperature dependence of the JH-gap band around ∼3
eV. Note that the estimate for TC in the present model
(=292 K) is very close to the experimentally derived value
(=325 K).
In the low energy Drude region (≤1.5 eV), however,
the temperature-dependent behavior of αT(ω) (Fig.6(a))
is qualitative different from the calculation (Fig.6(b)).
The Drude component monotonously increases with de-
creasing temperature, but does not show any sharpening
behavior like the calculation. The discrepancy suggests
that additional factors, such as dynamical Jahn-Teller
effect34,35 or degeneracy of the eg-orbitals
36,37, might be
necessary to reproduce the low energy charge excitation.
C. Scaling relation
In doped manganites, DOS of the eg-electrons is gov-
erned by confirmation of the local t2g-spin due to the
strong on-site change interaction JH. Therefore, the
apparent temperature dependence of αT(ω) spectrum
(Fig.6(a)) should be ascribed to the induced magneti-
zation M∗. In Fig.7(a), we plot the spectral weight of
the JH-gap band,
SJH ≡
∫ 4.0eV
2.2eV
αT (ω)dω, (4.2)
for R0.6Sr0.4MnO3 as a function of 1−M∗2. The values
of M∗ =M(T )/M(0) were estimated under a field of 0.5
T to avoid the complexity arising from the nonremanent
behavior of the present system. Change of the SJH -value
with temperature scales well with 1 −M∗2. As shown
in the Fig.7(b), above scaling relation is reproduced by
calculation based on the double exchange model,
Stheory =
∫
ω∼2JH
σ(ω)dω, (4.3)
where integration is performed at the high energy peak
region around ω ∼ 2JH.
These scaling relation (4.4) and (4.3) are explained
as follows. For the charge excitations, interband opti-
cal absorption is constructed by spin conserving process
of scattering lower band electrons into upper bands. The
initial and final state weight is again (1 + M∗)/2 and
(1 − M∗)/2, respectively, and the optical absorption is
proportional to (1 −M∗2). Phenomenologically, this is
because the DOS of the up- (down-) spin states in the
lower (upper) JH-split band increases as ∝ (1 + M∗),
while the up- (down-) spin states in the upper (lower)
band decreases as ∝ (1−M∗).
Finally, let us comment on the strength of the JH-gap
band. The spectral weight SJH is expressed as:
SJH = (2π
2e2N0/cm0n) · f0 · (1−M∗2), (4.4)
where averaged refractive index n is ≈ 2 around the JH-
gap transition. f0 is the oscillator strength for the d− d
transition per one eg-electron. As seen in Fig. 7, the
magnitude of SJH at M
∗ ≈0 (high temperature limit)
is strongly material dependent, indicating that the f0-
value increases from ≈0.04 for R=Nd0.5Sm0.5 to ≈0.08
for La. Remember that f0 is proportional to square of the
transition matrix element between the neighboring eg-
orbitals, which is nearly proportional to t, and hence W .
Recently, Machida et al.33 have evaluated the W -values
for R0.6Sr0.4MnO3 from α(ω) spectra: W increases from
≈0.6 eV for R=Nd0.5Sm0.5 to ≈0.8 eV for R=La. Such a
material-dependentW qualitatively explain the observed
enhancement of the f0-value.
V. DISCUSSION
The general role of the DE mechanism to the electronic
structure is understood through the half-metallic DOS
at the ground state and the shift of the spectral weight
by the magnetic fluctuations. As a consequence of the
DOS structure, spin and charge dynamics are influenced
through a particle-hole channel. In experiments, opti-
cal conductivity σ(ω) and spin wave linewidth Γq show
scaling relations in agreement with the theory.
Let us discuss the two different energy scale of the DE
system and CMR materials which arises from DOS struc-
ture controlled by magnetism. The electronic structure
changes its spectrum by magnetization in the scale of
2JH ∼ 3eV if both of the JH-split band are concerned.
The scale of the change in the spectrum for a case when
only the lower sub-band is playing a role is W ∼ 1eV.
However, the energy scale concerning the magnetic prop-
erties has a smaller energy scale determined by the DE
interaction, JDE ∼ Tc ∼ 10−2eV. Thus a small change in
magnetization causes a large change in electronic struc-
tures, e.g. a change of temperature in the scale of 300K
causes the change in optical spectrum at 3eV. Such a
huge change in DOS spectrum controlled by a small
amount of magnetic field is considered to cause sensitive
change of transport properties as well as other thermo-
dynamical properties.38
Similar phenomena happens for a correlated electron
system in the vicinity of the Mott transition.39 This case,
the coherent temperature becomes small compared to the
bandwidth, Tcoh ≪ W , so that the change in the scale
of Tcoh produce a large change in the electronic struc-
tures. For the DE systems, however, the small energy
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scale JDE and the large energy scale W as well as JH
coexists robustly, and such phenomena is commonly ob-
served throughout the doping concentration.
In order to compare the theory with CMR compounds,
we need to consider that their behavior changes by A-site
substitutions. Let us concentrate to the region x ∼ 1/3
where it is far from antiferromagnetic insulating phase at
x ∼ 0 and the region with charge and orbital ordering at
x ∼ 0.5. The nature of the compound is roughly classified
by the average radius of the A-site ions 〈rA〉.31,32,40 Com-
pounds with larger 〈rA〉 have to larger tolerance factor
and larger Mn-O-Mn bond angle, which in general in-
crease the effective electron hopping and hence Tc. How-
ever, we should note that it is still controversial whether
the phase diagram is controlled mostly by the bandwidth
alone, e.g. ionic size variation σ(rA) also plays some role
to change Tc,
41 and also the decrease of Tc at lower Tc
region is much larger compared to the estimate from the
change in 〈rA〉.
A canonical example for the high Tc compounds is
(La,Sr)MnO3 which is resistivity wise a good metal be-
low Tc, and incoherent metal with ρ(T ) near Mott’s limit.
The most well investigated compound (La,Ca)MnO3,
where Ca substitution creates smaller 〈rA〉 and larger
σ(rA), has lower Tc, and shows metal to insulator transi-
tion at around Tc. Compounds with smaller 〈rA〉 such as
(Pr,Ca)MnO3 do not undergo ferromagnetic transition
and stay insulating.3
As long as the wide-banded compound with high dop-
ing are concerned, e.g. (La,Sr)MnO3 at x = 0.2 ∼
0.4, the DE Hamiltonian accounts for several exper-
imental data concerning the ferromagnetism and the
transport. Curie temperature is estimated by vari-
ous methods11,23,42 and is consistent with experiments
in magnitude as well as the doping dependence. The
resistivity is calculated by the dynamical mean-field
approach10,13 and the result is consistent with the ex-
perimental data for resistivity43,44 which show metallic
behavior dρ/dT > 0 at T > Tc as well as the absolute
value ρ(T ) = 2 ∼ 4mΩcm which is not so large compared
to the Mott limit. Universal behavior of the magnetore-
sistance in the form −∆ρ/ρ0 ∝ M∗2 is also consistent
between theory and experiment.
Together with the scaling relations described in this pa-
per, DE Hamiltonian alone explains various experimental
data in manganites with high Tc. The mechanism of MR
in the single-crystal of these high Tc compounds are un-
derstood from double-exchange alone, namely due to spin
disorder scattering.10,21,45–47 It is noteworthy that the lo-
cal Jahn-Teller distortion is reported even in the metallic
phase of (La,Sr)MnO3,
48 which might indicate that the
effect of the lattice distortion (small polaron formation)
is not so prominent for these compounds.
It has been discussed that the roles of other interac-
tions such as lattice distortion49 or orbital fluctuation50
are important in (La,Sr)MnO3. Especially, the discrep-
ancies in Curie temperature as well as resistivity between
the double-exchange alone model and CMR manganites
are emphasized. However, as discussed above, accurate
treatment on theoretical calculation and the bulk mea-
surement of single crystal samples without grain effects
show that the double-exchange model explains various
thermodynamical properties of the high Tc compounds
such as (La,Sr)MnO3.
Let us now discuss the properties of compounds with
lower Tc, e.g. (La,Ca)MnO3, which qualitatively show
different behaviors. One of the major difference is that
the resistivity above Tc shows semiconductive tempera-
ture dependence. Several theories based on microscopic
models are proposed. Polaron effects of Jahn-Teller dis-
tortions are introduced to explain the metal-insulator
transition from the point of view of large polaron to small
polaron crossover by magnetism.34,51 The idea of Ander-
son localization due to spin disorder as well as diagonal
charge disorder has also been discussed.47,52–56
Many of these proposals relate magnetism and trans-
port through the change of the hopping matrix ele-
ment teff(T,H) as discussed by Anderson and Hasegawa.
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Namely, in general, these scenarios discuss the existence
of the critical value of hopping tc determined by polaron
size or mobility edge, and explain the metallic state as
large hopping region teff(T,H) > tc and the insulating
state as small hopping region teff(T,H) < tc. However,
in order to explain the experiments for resistivity, these
scenario requires fine tuning of the parameters in the fol-
lowing sense; to explain the fact that the metal-insulator
transition always occurs in the vicinity of Tc for vari-
ous A-site substitution in both ionic radius and average
valence changes, they require the pinning of the criti-
cal hopping tc ∼ teff(T = Tc) for any values of carrier
concentration as well as bandwidth and A-site random-
ness. Note that teff is determined by the short range spin
correlation 〈Si · Sj〉 and is a smooth and continuous func-
tion of temperature without an anomaly at Tc. It is also
required to explain the absence of the metal-insulator
transition in high-Tc compounds such as (La,Sr)MnO3
at x ∼ 1/3.
In order to investigate such controversial issues, it is
important to discuss the difference of the resistivity prop-
erties in these compounds in comparison with other prop-
erties from the point of view of deviation from DE be-
havior. Concerning the charge dynamics, the effect of
the A-site substitution is investigated as follows. Opti-
cal conductivity measurements32,57,58 show that the JH-
split peak at around 3eV investigated in this paper re-
mains as bandwidth is changed from wide to narrow.
The bandwidth control causes changes in the spectrum
at the peak structure around ∼ 1eV and the infrared
quasi-Drude (incoherent) structures. In a narrow band
system, Machida et al.33,59 has found a characteristic ab-
sorption band at ∼1.5 eV originated in transition of small
polarons. The small polaron band disappear in the fer-
romagnetic metallic state.
For the spin dynamics, spin wave dispersion as well as
its linewidth has been investigated. For wide-bandwidth
compounds, spin wave dispersion19 in La0.7Pb0.3MnO3
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which roughly shows a cosine-band type dispersion is ex-
plained by the DE Hamiltonian.20,22,60 For (La,Sr)MnO3,
the residual linewidth Γ0(q) behaves as ∼ q4 in the in-
sulating region at x ∼ 0.15,61 which is understood as
magnon-magnon scattering effect, and as ∼ q2 in the
metallic region at x ∼ 0.2,62 which is speculated to be
due to inhomogeneity effect through spin stiffness distri-
bution. For lower Tc compounds, there exists a system-
atic behavior that broadening of the spin wave dispersion
is prominent at the zone boundary.30 Another unconven-
tional feature in these compounds is the presence of the
central peak well below Tc,
63 which indicates the pres-
ence of the magnetic cluster and its diffusive dynamics.
From the spin diffusion constant, the correlation length
of the spin clusters are estimated to be ξ ∼ 10A˚. Neutron
elastic scattering measurements also observed the ferro-
magnetic cluster with correlation length ξ ∼ 20A˚.64,65
Thus from the points of view of charge and spin dy-
namics, the observed systematic change as Tc become
lower is considered to be the formation of magnetic clus-
ter with typical length scale of ξ < 102A˚, accompanied
by lattice distortion, or magnetoelastic polaron. Inhomo-
geneities in charge and magnetic structures27–29 suggest
that such polaronic cluster remain even at at low tem-
peratures. Possible micrograin formation due to charge
segregation as well as phase separation between ferro-
magnetic and antiferromagnetic domains has also been
discussed.66–68
In the presence of ferromagnetic clusters, or magneti-
cally isolated half metallic nanodomains, one can discuss
the tunneling MR mechanism for half metals as the ori-
gin of the CMR behavior, as is commonly the case for
polycrystals.6 Instability of electronic phase separation23
is a candidate for the initial driving force for such phe-
nomena, which is stabilized to form droplet structures
due to long range Coulomb interactions. Another pos-
sibility is the effect of static potential disorder due to
A-site cation R3+-A2+ distributions which causes charge
inhomogeneities, as well as self-trapping effect of lattice
polarons. The idea is consistent with the phenomeno-
logical explanation of resistivity in (La,Ca)MnO3 by the
Two-fluid model69 which discusses the coexistence of a
metallic conductivity path and an activation-type pola-
ronic conductivity.
To summarize, we investigated spin and charge exci-
tation of DE by both theoretical and experimental ap-
proaches. We see the scaling behavior in spin wave life-
time as well as interband optical spectrum. These fea-
tures are well understood by the magnetization depen-
dence of the DOS with half-metallic behaviors. Origin
of the magnetoresistance is discussed as a spin-disorder
scattering in the wide bandwidth region and tunneling
MR due to half-metallic behavior in the narrow band-
width region.
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FIG. 1. Electron DOS by DMF calculation at JH/W = 2
and x = 0.2.
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various temperatures.
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as a function of normalized magnetizationM∗ at various wave
vectors. Line in the figure is a guide to eyes.
150
100
50
0
La0.8Sr0.2MnO3 (TC = 306 K)
150
100
50
0Sp
in
-w
av
e 
st
iff
ne
ss
 (m
eV
 Å
2 )
La0.75Y0.05Sr0.2MnO3 (TC = 281 K)
150
100
50
0
1.00.80.60.40.20.0
T/TC
La0.70Y0.10Sr0.2MnO3 (TC = 271 K)
2.0
1.5
1.0
0.5
0.0
Γ 
(m
eV
)
2.52.01.51.00.50.0
(1-M*2)ω(q) (meV)
2.0
1.5
1.0
0.5
0.0
Γ 
(m
eV
)
2.52.01.51.00.50.0
(1-M*2)ω(q) (meV)
2.0
1.5
1.0
0.5
0.0
Γ 
(m
eV
)
2.52.01.51.00.50.0
(1-M*2)ω(q) (meV)
FIG. 4. Experimental results for the temperature depen-
dence of the spin-wave stiffness D. Error bars indicate fitting
errors. Dashed lines are guides to the eye. Inset shows a
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FIG. 7. (a) Spectral weight SJH of the JH-gap transition
against 1−M∗2, where M∗ =M(T )/M(0) is the magnetiza-
tion normalized by its saturation value. (b) Calculated results
based on the double-exchange model with DMF and S = ∞
approximation (W=1 eV, JH=1.5 eV and x=0.4).
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